This article is available online at http://www.jlr.org Cholesterol 24S-hydroxylase (CYP46A1) is of key importance for cholesterol homeostasis in the brain and is responsible for about two-thirds of cholesterol elimination from this organ ( 1, 2 ). Except for the enzyme induction during neonatal stage and a stimulatory effect by oxidative stress, CYP46A1 appeared to be resistant toward a broad spectrum of factors expected to regulate at transcriptional level ( 3 ). Very recently, the enzyme was crystallized in substrate-free and substrate-bound forms and found to undergo conformational changes upon substrate binding ( 4 ). This conformational fl exibility of the active site prompted us to screen more than 50 different compounds for their binding and inhibition of CYP46A1. Several marketed drugs and nonpharmaceuticals were found to bind tightly to the active site and inhibit CYP46A1 activity in vitro ( 4 ). Of the eight strong CYP46A1 inhibitors identifi ed in that study, fi ve were imidazole-containing compounds: the H 2 -receptor antagonist cimetidine, the H 3 -receptor antagonist clobenpropit, the H 3 /H 4 receptor antagonist thioperamide, nonpharmaceutical 4-(4-chlorophe nyl)-imidazole, and the antifungal azole clotrimazole. The latter is applied only topically, therefore, in the present study we tested whether antifungal azoles that are administered systemically can inhibit CYP46A1 ( Fig. 1 ) . These drugs are known to pass the blood-brain barrier and thus have a potential to inhibit CYP46A1, which is localized almost exclusively to the brain in humans. We demonstrate here that voriconazole is an effective inhibitor of CYP46A1 in vitro and that intraperitoneal injections of the drug in mice reduce the levels of 24S-hydroxycholesterol in the brain. This fi nding is discussed in relation to the known side-effects of voriconazole. 
terols, which are produced upon further hydroxylation of 24-hydroxycholesterol. Dihydroxycholesterols were eluted as one peak during HPLC; therefore, we could estimate two IC 50 values, one for the inhibition of cholesterol 24-hydroxylation and the other for the inhibition of 25-and 27-hydroxylations of 24S-hydroxycholesterol. In addition, we could also estimate the K i for cholesterol 24-hydroxylation assuming a model of competitive inhibition. Determination of IC 50 was carried out at cholesterol concentration equal to K m , therefore K i = IC 50 /2.
Animal experiments
Seven-week-old male C57/B6 J mice from Charles River were injected intraperitoneally with voriconazole (60 mg/kg or 75 mg/kg, corresponding to 0.6 and 0.75 ml, respectively, of the drug solution). The control mice were injected with the same solutions containing no voriconazole. The mice were euthanized by cervical dislocation. Brain and liver were collected, snapfrozen in liquid nitrogen, and stored at Ϫ 80°C until further analysis.
Lipid extraction
Lipids were extracted from the brain according to Folch with some modifi cations ( 10, 11 ) . Approximately 10 mg of brain tissue was added to 1 ml of homogenization buffer (5 mM EDTA, 50 g/ml butylated hydroxytoluene in phosphate-buffered saline, pH 7,4) in a clean glass tube and the tissue was disrupted using a polytron homogenizer. Three milliliters of chloroformmethanol (2:1, v/v) were added to the homogenate and the vials were mixed by vortexing. Samples were centrifuged at 10,000 g for 10 min. The organic phase was transferred to a new vial. The aqueous phase was reextracted as described previously three more times. The pooled organic phase was dried under a stream of argon gas, and chloroform-methanol (2:1, v/v) added to the dried samples to achieve suitable concentration.
Sterol analysis
Sterols were analyzed by isotope dilution mass-spectrometry as previously described ( 3, (12) (13) (14) . Cholesterol was determined after saponifi cation using [ 2 H 6 ] cholesterol as internal standard; [ 2 H 3 ] lathosterol was used as internal standard for quantifi cation of lathosterol. 24S-Hydroxycholesterol and 27-hydroxycholesterol in the brain were measured by GC-MS ( 3, 12 ) as are squalene, lanosterol, and dehydrolanosterol ( 15 ) .
Analysis of voriconazole
Voriconazole was determined in serum and brain homogenates after the extraction with chloroform-methanol (2:1, v/v) and ethanol (10%, v/v, fi nal), respectively. Voriconazole extract (100 l) was then mixed with 200 l acetonitrile, centrifuged at 10,000 g for 10 min, and 1 l of the supernatant injected onto a
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Materials
Voriconazole (vFEND) for in vitro studies was obtained from Pfi zer. Aqueous solution of methanol (50%) was used to dissolve the compound. Voriconazole for the animal studies was a generous gift from the Division of Clinical Pharmacology at Karolinska University Hospital in Huddinge, Sweden. The material was dissolved in a mixture of saline containing 10% ethanol and 1% serum albumin. The fi nal concentration of voriconazole was 100 mg/ml. Recombinant full-length human CYPs 46A1 and 27A1 and bovine CYP11A1 were expressed and purifi ed as described ( 5-7 ).
Spectral binding assay
Binding affi nities of antifungal drugs were estimated as described ( 5, 8 ) using 0.3 M purifi ed P450. Titrations of CYP46A1 were carried out in 50 mM potassium phosphate buffer (KP i ), pH 7.2, containing 100 mM NaCl and 0.02% Cymal 6. CYPs 11A1 and 27A1 were in 50 mM KP i without any additives. Antifungal drugs were added from 0.2-5 mM stocks in 50% methanol. The apparent K d and maximal absorbance change were estimated by nonlinear least-squares fi tting using the quadratic form of the single-site binding equation ( 9 ) .
Determination of the in vitro IC 50 and K i
Cholesterol hydroxylation by CYP46A1 was assayed for 20 min at 37°C in 1 ml of 50 mM KP i , pH 7.2, containing 100 mM NaCl, 0.02% Cymal 6, 40 g dilauroylglycerol-3-phosphatidylcholine, and 2U of catalase. Purifi ed 0.4 M CYP46A1 was reconstituted with 0.8 M NADPH cytochrome P450 oxidoreductase, 5.4 M cholesterol, trace amounts of [ 3 H]cholesterol (250,000 cpm), and varying concentrations of voriconazole (from 0.000001 M to 100 M). The enzymatic reaction was initiated by NADPH (final 1 mM) and terminated by vortexing with 2 ml of CH 2 Cl 2 . The organic phase was isolated, evaporated, dissolved in methanol, and subjected to HPLC as described ( 8 ) . To determine IC 50 , data were fi t to the following equation by Graph-Pad Prism software: spectral response indicates that voriconazole binds to the CYP46A1 active site and coordinates the P450 heme iron with one of its nitrogen atoms ( 17, 18 ) . CYP46A1 is not the only cholesterol-metabolizing enzyme expressed in the brain. Also present in the brain are CYP27A1, which catalyzes cholesterol 27-hydroxylation and CYP11A1, which converts cholesterol to pregnenolone ( 19, 20 ) . We tested voriconazole on these P450s as well. Similar to CYP46A1, voriconazole induced a type II spectral response in CYP11A1, but its binding was ‫ف‬ 100-fold weaker than that to CYP46A1 as assessed by the apparent K d equal to 4.8 M. In CYP27A1, only a very weak spectral shift was observed, indicating that either voriconazole does not bind to the enzyme at the concentrations employed (up to 100 M) or the drug is not positioned in the P450 active site in the vicinity of the heme iron.
Inhibition of cholesterol 24S-hydroxylase in vitro
Of the three cholesterol-metabolizing P450s, CYP46A1 demonstrated the tightest binding of voriconazole. Therefore, we next tested whether voriconazole inhibits the enzyme activity in vitro. CYP46A1 converts cholesterol to 24S-hydroxycholesterol and then can further metabolize 24S-hydroxycholesterol to 24, 25-, and 24,27-dihydroxycholesterols ( 5 ). The IC 50 for cholesterol 24-hydroxylation was 22 nM and that for 25-and 27-hydroxylations of 24S-hydroxycholesterol was 47 nM ( Fig. 3 ) . Because cholesterol concentration in the inhibition assay was equal to the K m , the K i for cholesterol 24-hydroxylation was estimated to be 11 nM.
Inhibition of cholesterol 24S-hydroxylase in vivo
In a pilot study, we exposed mice to different doses of voriconazole, euthanized experimental and control animals 6 h after the injection, and measured the levels of 24S-hydroxycholesterol in the brain. The treatment appeared to reduce the levels of 24S-hydroxycholesterol. The levels were slightly lower after the injection with 60 mg/kg body weight than after injection with 75 mg/kg body weight (results not shown). In a subsequent experiment, we treated fi ve mice with voriconazole, 60 mg/kg body weight, and euthanized the animals and their conPhenomenex Luna C18 3 m column (100 × 2 mm) connected to the Agilent 1100 liquid chromatography-mass spectrometry system with an autosampler and solvent degasser. Gradient elution was with initial 35% B increasing to 100% B in 5 min (A = 1% acetonitrile with 25 mM formic acid; B = 100% acetonitrile with 25 mM formic acid). A structure analog (UK115794, Pfi zer Ltd.) was used as internal standard. Ions were monitored in a positive mode at m/z 350 (voriconazole) and m/z 348 (internal standard).
Gene expression analysis
Total RNA was obtained from brain and liver tissue using Trizol (Invitrogen, Carlsbad, CA). cDNA was synthesized from 2 g of total RNA using Capacity cDNA ReverseTranscription Kit (Applied Biosystems, Foster City, CA). Steady-state mRNA levels were estimated using Taqman probes (primer sequences available on request). All assays were run on an ABI Prism 7000 Sequense Detection System (Applied Biosystems). Estimation of a relative gene expression was performed using the comparative threshold cycle method using hypoxathine-guanine phosphoribosyl transferase as endogenous control.
Statistics
Gene expression data is expressed as mean ± SEM ( 16 ) . Sterol determinations are also presented as mean ± SEM. For statistical comparisons, a two-tailed Student's t -test was performed. All in vitro assays were performed in triplicate.
Ethical aspects
All animal experiments received full approval from the animal Stockholm Experimentation Ethics Committee.
RESULTS
Binding of antifungal azoles to purifi ed CYP46A1 and other cholesterol-metabolizing P450s
Four antifungal azoles that are used systemically were tested: voriconazole, fl uconazole, ketoconazole, and itraconazole ( Fig. 1 and Table 1 ). Of them, voriconazole had the highest affi nity to CYP46A1, comparable to that of clotrimazole, with the estimated K d value of 50 nM. Voriconazole induced a type II spectral response with a minimum at 413 nm and a maximum at 434 nm ( Fig. 2 ) . This mg tissue, respectively. The levels of a lanosterol precursor squalene were 2.2 ± 0.8 ng/mg tissue in the controls and 1.7 ± 0.6 ng/mg tissue in the voriconazole-treated mice ( P = 0.05). The latter is consistent with a reduction of cholesterol synthesis, also, at a step prior to lanosterol demethylation. trols 2 h later. The levels of 24S-hydroxycholesterol were reduced by 20% but this effect was not statistically significant ( P > 0.05, Student's t -test). There was no signifi cant effect on levels of lathosterol or total cholesterol in the brain (results not shown).
Then, we treated six mice with voriconazole, 60 mg/kg body weight, once a day for 5 days and observed a significant reduction (by 37%) in the levels of 24S-hydroxycholesterol ( P = 0.03) ( Fig. 4A ). There was no effect on the levels of cholesterol ( Fig. 4B ) or 27-hydroxycholesterol ( Fig. 4C ) ( P > 0.05). However, the level of lathosterol in the brain was signifi cantly reduced ( Fig. 4D ) . Lathosterol serves as a marker for cholesterol biosynthesis ( 21 ) . Therefore, reduced levels of this sterol in voriconazole-treated mice indicate a reduction in cholesterol synthesis ( P < 0.05).
Because most of the 24S-hydroxycholesterol present in the circulation originates from the brain, a reduction of brain synthesis should lead to a reduction of plasma 24S-hydroxycholesterol, unless voriconazole has an effect on the metabolism in the liver. A pool of plasma from the voriconazole-treated mice had a concentration of 24S-hydroxycholesterol of 13.2 ng/ml. A pool of plasma from the control mice had a concentration of 24S-hydroxycholesterol of 18.8 ng/ml. Thus, voriconazole appeared to suppress the plasma levels by about 30%. It should be pointed out that the plasma level of 27-hydroxycholesterol was not signifi cantly affected by the voriconazole treatment. This oxysterol was at 46 ng/ml and 52 ng/ml in the voriconazoletreated mice and in the controls, respectively.
Effects of voriconazole on the levels of cholesterol precursors upstream of lathosterol
The reduced levels of lathosterol in the voriconazoletreated mice suggest a reduced cholesterol synthesis. Part of this reduction could be due to the inhibition of the cytochrome P450 enzyme CYP51, which is responsible for demethylation of lanosterol, an upstream precursor of lathosterol. In accordance with this, we found that the brain levels of lanosterol increased from 6.1 ± 2.0 ng/mg tissue in the controls to 27 ± 10 ng/mg tissue in the voriconazole-treated mice ( P < 0.001). The levels of dihydrolanosterol were 0.14 ± 0.05 ng/mg tissue and 1.9 ± 0.7 ng/ system. Then, in accordance with this fi nding and the fact that voriconazole can cross the blood-brain barrier, we detected a statistically signifi cant decrease in 24S-hydroxycholesterol levels in the brain in mice injected intraperitoneally with voriconazole for 5 days. We also observed a reduction in the levels of 24S-hydroxycholesterol in the circulation.
There are two different explanations for the reduced levels of 24S-hydroxycholesterol in the brain of the treated animals. The fi rst explanation is a direct inhibition of the enzyme by voriconazole. The very high levels of voriconazole measured in the brain are in accord with this. The second possibility is related to the fact that voriconazole is an inhibitor of cholesterol synthesis. It has been shown that voriconazole exerts its antifungal effect through inhibition of cytochrome P450 14-␣ sterol demethylase, CYP51, which is responsible for the demethylation of lanosterol in the ergosterol biosynthesis pathway ( 22 ) . Therefore, a reduced synthesis of the brain cholesterol may lead to a reduced substrate availability for CYP46A1 and reduced production of 24S-hydroxycholesterol. These two alternative mechanisms whereby voriconazole may inhibit the production of 24S-hydroxycholesterol are shown in Fig. 7 .
The reduced levels of cholesterol precursors squalene and lathosterol as well as HMG-CoA reductase mRNA indicate that brain cholesterol synthesis was reduced in the voriconazole-treated mice. The fact that the treatment had no signifi cant effect on the size of the pool of cholesterol in the brain does not favor the hypothesis that reduced substrate availability is of importance for the reduced production of 24S-hydroxycholesterol. A primary effect of voriconazole on CYP46A1 can be expected to lead to a reduced metabolism of brain cholesterol and, thus, a reduced need for de novo synthesis. If the reduced rate of lanosterol demethylation had been the most important effect, a compensatory increase of HMG-CoA reductase
Effects of voriconazole on mRNA levels of genes involved in cholesterol homeostasis
Voriconazole had no signifi cant effect on expression of CYP46A1 mRNA ( Fig. 5A ) or HMG-CoA synthase ( Fig.  5C ). However, there was a signifi cant suppressive effect on the HMG-CoA reductase mRNA levels ( Fig. 5B ) . The latter is consistent with the inhibitory effect of voriconazole on the brain levels of squalene and lathosterol.
Brain levels of voriconazole
The level of voriconazole in the brain of the mice after fi ve daily intraperitoneal injections (60 mg/kg body weight) was 43 ± 8 g/g wet weight corresponding to 123 M. Kinetics of brain levels of voriconazole after a single injection (60 mg/kg) is shown in Fig. 6 .
DISCUSSION
In the present study, we tested four antifungal azoles that are used systemically and three cholesterol-metabolizing P450s that are known to be expressed in the brain. First, we established that voriconazole binds with high affi nity to CYP46A1 in vitro and effi ciently inhibits CYP46A1-catalyzed cholesterol hydroxylations in the reconstituted mRNA would have been expected. In this connection it is of interest that a complete gene knock-out of CYP46A1 in mice is associated with a reduction of cholesterol synthesis by about 40% ( 2 ) .
The expression of the HMG-CoA reductase gene is regulated by sterol-regulatory element binding protein (SREBP)-2, and we had expected a signifi cant effect on expression of another SREBP-2 regulated gene, HMG-CoA synthase. Our failure to demonstrate this may be related to the interindividual variations that may be too great to detect a relatively small difference. Addition of 24S-hydroxycholesterol to cultures of primary neuronal cells from embryonic rat pups was also shown to signifi cantly decrease the protein level of HMG-CoA synthase ( 23 ) . Levels of cholesterol are low in such embryonic cells and the cultures were carried out in cholesterol-defi cient medium. Therefore, the rate of cholesterol synthesis should be high. These conditions are markedly different from those of adult neuronal cells in vivo, and the levels of transcriptional factors may be very different in embryonic cells.
Treatment with voriconazole represents a less drastic experimental model for inhibition of CYP46A1 than the knock-out model. Thus, voriconazole may be used for detailed studies on the relation between CYP46A1 activity and cholesterol homeostasis. In such studies, it is necessary to defi ne the degree of inhibition of the enzyme by measurement of the product 24S-hydroxycholesterol in the brain.
One of the most important side effects of voriconazole is visual disturbances. Because CYP46A1 is expressed in the neural retina as well ( 24, 25 ) , the possibility may be considered that the voriconazole-induced visual disturbances are related to an interaction between the drug and retinal CYP46A1. If this is the case, visual disturbances would be expected in CYP46A1 gene knock-out mice. Consistent with this contention, abnormalities in the ERG signals have recently been demonstrated in such mice (D. Russell, personal communication). Further work on a possible relation between vision and cholesterol 24S-hydroxylase is in progress.
